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DNA SEQUENCE ENCODING PLANT 2-ACYLTRANSFERASE 

This invention relates to modified plants. In 
particular, the invention relates to plants modified such 
that at least part of the plant (for example seeds of the 
plant) is capable of yielding a commercially useful oil. 

Plants have long been a commercially valuable source of 
oil. Nutritional uses of plant-derived oils have 
hitherto been dominant, but attention is now turning 
additionally to plants as a souTce of industrially useful 
oils, for example as replacements for or improvements on 
mineral oils. Oil seeds, such as from rape, have a 
variety of lipids in them (Hildish & Williams, "Chemical 
Composition of Natural Lipids", Chapman Hall, London, 
1964) . There is considerable interest in altering lipid 
composition by the use of recombinant DNA technology 
(e.g. Knauf, TIBtech, February 1987, 40-47), but by no 
means all of the goals have been realised to date for a 
variety of reasons, in spite of the ever- increasing 
sophistication of the technology. 

Success in tailoring the lipid content of plant-derived 
oils requires a firm understanding of the biochemistry 
and genes involved. Broadly, two approaches are 
available. First, plants may be modified to permit the 
synthesis of fatty acids which are new (for the plant) ; 
so, for example, laurate and/or stearate may be 
synthesised in rape. Secondly, the pattern and/or extent 
of incorporation of fatty acids into the glycerol 
backbone of the lipid may be altered. It is with this 
latter approach that the present invention is concerned. 

Lipids are formed in plants by the addition of fatty acid 
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moieties onto the glycerol backbone by a series of acyl 
transferase enzymes. There are three positions on the 
glycerol molecule at which fatty acid (acyl) moieties may 
be substituted, and the substitution reached at each 
position is catalysed by a position-specific enzyme: the 
enzymes are glycerol -sn- 3 -phosphate acyltransf erase (1- 
acyl transferase) , l - acyl -sn- glycerol -3 -phosphate 
acyltransf erase (2-acyltransf erase) and sn-1,2- 
diacylglycerol acyltransf erase (3 -acyltransf erase) . 

One, but not the only, current aim of "lipid engineering" 
in plants is to provide oils including lipids with a 
higher content of erucic (22:1) acid and/or oils 
containing trierucin. Erucic acid-containing lipids are 
commercially desirable for a number of purposes, 
particularly as replacements to or supplements for 
mineral oils in certain circumstances, as alluded to 
above. In the case of oil seed rape {Brassica napus) , 
one of the most significant oil producing crops in 
cultivation today, the specificity of the 2- 
acyltransf erase enzyme positively discriminates against 
the incorporation of erucic acid at position 2. So, even 
in those cultivars of rape which are able to incorporate 
erucic acid at positions 1 and 3, where there is no (or 
at least reduced) discrimination against erucic acid, 
only a maximum 66% of the fatty acids incorporated into 
triacyl glycerols can be erucic acid. Such varieties of 
rape are known as HEAR (high erucic acid rape) varieties. 

It would therefore be desirable to produce plants, eg 
conventional oil seed rape as well as HEAR varieties, 
which contain useful levels of trierucin and/or contain 
higher levels of erucic acid and/or contain oils with 
erucic acid incorporated at position 2; the same can be 
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said of oils of other vegetable oil crops such as maize, 
sunflower and soya, to name but a few examples. While in 
principle it may be thought possible to introduce into a 
desired plant DNA encoding a 2-acyltransf erase of 
different fatty acid specificity, for example from a 
different plant, in practice there are a number of 
problems . 

All enzymes involved in the acylation pathway for 
formation of triacylglycerols are membrane bound. These 
are the i-acyltrans'f erase , 2-acyitrarisferase and 3- 
acyltransferase which are present in the endoplasmic 
reticulum in the cytoplasm. They have not been purified. 
This makes working with them difficult and rules out the 
use of many conventional DNA cloning procedures . This 
difficulty does not, paradoxically, lie in the way of 
cloning the gene (or at least cDNA) encoding the 
Choroplastic 1-acyltransf erase enzyme, which is soluble; 
in fact, recombinant DNA work has already been undertaken 
on this enzyme for a completely different purpose, namely 
the enhancement of chilling resistance in tobacco plant 
leaves, by Murata et aJ (Nature 356 710-713 (1992)). 

Wolter et al. Fat Science Technology, 93, No 8: 288-89 
(1991) suggested a strategy for cloning membrane bound 
enzymes such as 2-acyltransf erases, although no 
exemplification was given. 

WO-A-9413814 discloses a DNA sequence (and corresponding 
protein sequence) of a 2 -acyl transferase . This sequence, 
which is derived from maize, is used to transform plants, 
such that the normal substrate specificity of the plants' 
2-acyltransf erase is altered. This disclosure also 
included the use of a cDNA sequence for a 2 -AT derived 
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from maize to locate 2-ATs with a high degree of homology 
from both Brassica and Limnanthes species. 

It has now been surprisingly found that there is in fact 
another 2 -AT in Limnanthes which has no homologue in rape 
and which is seed specific. This 2 -AT is able to 
incorporate erucic acid at the 2 -position which the 
native 2 -AT in rape, for example, is unable to do. 

According to a first aspect of the invention, therefore, 
there is provided a recombinant or isolated DNA sequencer- 
encoding an enzyme having membrane -bound 2- 
acyltransf erase activity, and selected from: 

(i) a DNA sequence comprising the DNA 
sequence of Figure 3 or its complementary 
strand, 

(ii) nucleic acid sequences hybridising to 
the DNA sequence of Figure 3 or its 
complementary strand, under stringent 
conditions, and 

(iii) nucleic acid sequences which would 
hybridise to the DNA sequence of Figure 3 or 
its complementary strand, but for the 
degeneracy of the genetic code. 

Suitably, the DNA sequence of the invention comprises a 
DNA sequence as described in (i) , (ii) or (iii) above 
which is the sequence of figure 3, or its complementary 
strand, or is one which has the characteristics of (ii) 
or (iii) where the sequence is the sequence of figure 3. 
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Fragments of the above DNA sequences, for example of at 
least 15, 20, 30, 40 or 60 nucleotides in length, are 
also within the scope of the invention. 

Suitable stringent conditions include salt solutions of 
approximately 0.9 molar at temperatures of from 35 to 
65 °C. More particularly, stringent hybridisation 
conditions include 6 x SSC, 5 x Denhardt's solution, 0.5% 
SDS, 0.5% tetrasodium pyrophosphate and 50/ig/ml denatured 
herring sperm DNA; washing may be for 2 x 30 minutes at 
65*>C in 1 X SSC, 0.1% SDS and 1 x 30 minutes in 0.2 x 
SSC, 0.1% SDS at 65°C. 

Recombinant DNA in accordance with the invention may be 
in the form of a vector, which may have sufficient 
regulatory sequences (such as a promoter) to direct gene 
expression. Vectors which are not expression vectors are 
useful for cloning purposes (as expression vectors 
themselves may be) . Host cells (such as bacteria and 
plant cells) containing vectors in accordance with the 
invention themselves form part of the invention. 

The 2-acyltransf erase of the invention may be cloned 
directly, for example using complementation studies, from 
a DNA library of Liimanthes . For example, if E, coli is 
used as the complementation host, a mutant is chosen 
which is defective in the 2-acyltransf erase; the DNA 
library from Limnanthes (e.g. L. douglsLsii) is 
transformed into the mutant complementation host; host 
cells containing the target acyltransf erase gene can 
readily be selected using appropriate selective media and 
growth conditions. E. coli mutant JC201 is a suitable 
host for use in complementation studies relating to 2- 
acyltransf erase . 
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Cloning the acyltransf erase gene into a microbial host, 
such as a bacterium like E. coli, in such a way that the 
gene can be expressed has a particular advantage in that 
the substrate specificity of the acyltransf erase gene can 
be assessed with membranes isolated from the microbial 
host before transformed plants are prepared, thereby 
saving considerably on research time. Such an assessment 
may be made by competitive substrate assays, in which 
differently detectably labelled candidate substrates for 
the enzyme compete with each other for incorporation into 
the glyceride. For example, -"^C-erucyl GoA and ^K-olecyl 
CoA can be used as competitive substrates for 2- 
acyltransf erase, and the relative amounts of ^^C or 
tritium uptake into glyceride can be measured. (As 2- 
acyltransf erases have acceptor, glycerol -based, 
substrates and donor, fatty acid-based, substrates, the 
experiment can be carried out with different acceptors, 
such as i-erucyl -glycerol -3 -phosphate and 1-oleoyl- 
glycerol -3 -phosphate. ) A gene coding for an enzyme which 
donates erucic acid to the acceptor (particularly 1- 
erucyl -glycerol -3 -phosphate) may by this means be 
identified as a DNA sequence of choice for further use in 
the invention as described below. 

Suitably, the DNA sequence of the invention encodes an 
enzyme having membrane -bound 2 -acyltransf erase activity. 

The DNA sequence of the invention can be used to produce 
proteins which they encode, if desired. Thus, in a 
second aspect, the present invention provides an isolated 
protein which is. the expression product of a DNA sequence 
of the invention. The protein may be expressed by host 
cells harbouring DNA in the form of an expression vector. 
The protein, an enzyme having 2 -acyltransf erase activity. 



wo 96/24674 



PCT/GB96/00306 



7 

may have an amino acid sequence which is identical to or 
homologous with the sequence shown in Figure 3 . The 
degree of homology will generally be greater than that of 
known proteins, and may be at least 40, 50, 60, 70, 80, 
90, 95 or 99%. Suitably, the degree of homology will be 
60% or greater, preferably 80% or greater and most 
preferably 90% or greater. 

In a third aspect, the present invention provides an 
antibody capable of specifically binding to a protein of 
the invention. 

In a fourth aspect of the invention, there is provided a 
plant having a 2-acyltransf erase enzyme encoded by a DNA 
sequence as defined herein, wherein the enzyme is not a 
native enzyme of the plant. 

While site-directed mutagenesis and/or other protein 
engineering techniques may be used to alter the 
specificity of an enzyme native to the plant, it is 
preferred that the plant be transgenic and incorporate an 
expressible 2-acyltransf erase gene encoding the enzyme of 
the invention. For example, as described above, the 2- 
acyltransferase enzyme which does not discriminate 
against erucic acid, may be made by this means to express 
in a plant which would not normally incorporate erucic 
acid at the 2 -position into triacylglycerides . An 
important embodiment of the invention relates to 
genetically engineered plants which contain trierucin. 
Such plants may thus also have higher levels of erucic 
acid incorporated into triacylglycerols than in 
corresponding non-engineered plants (eg. rape). 

However, while a preferred approach is discussed above, 
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the invention includes modified 2-acyltransf erase 
proteins obtained by methods well known in the art. The 
essential feature that such proteins should possess is, 
of course, the specificity for incorporating erucic acid 
at position 2 of TAGs. However, using a variety of 
techniques modified enzymes can be obtained which have, 
for example, greater heat stability, improved kinetic 
characteristics or even improved specificity for erucic 
acid. 

Suitable examples of such engineered plants include 
Brassxca eg B.napus, B . campestris , B.Juncea or B.rapa, 
maize, sunflower or soya. 

For the 2-acyltransf erase transgene to be expressible, a 
promoter has to be operatively coupled to it. Because at 
the present state of the art it is difficult precisely to 
regulate the site of incorporation of a transgene into 
the host genome, it is preferred that the transgene be 
coupled to its promoter prior to transformation of the 
plant. Promoters useful in the invention may be 
temporal- and/or seed- specif ic, but there is no need for 
them to be so: constitutive promoters may also be used 
provided they are suitably strongly expressed in the seed 
and are easier to isolate. Other tissues are unlikely to 
be adversely affected if the transgene encoding the 
acyltransferase enzyme is expressed in them, as the 
availability of the fatty acid .CoA substrates is 
effectively limited to the seed. 

The promoter -transgene construct, once prepared, is 
introduced into plant cells by any suitable means. The 
invention extends to such plant cells. Preferably, DNA 
is transformed into plant cells using a disarmed Ti- 
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plasmid vector and carried by Agrobacterium by procedures 
known in the art, for example as described in EP-A- 
0116718 and EP-A-0270822 . Alternatively, the foreign DNA 
could be introduced directly into plant cells using an 
electrical discharge apparatus. This method is preferred 
where Agrobacterium is ineffective, for example where the 
recipient plant is monocotyledonous . Any other method 
that provides for the stable incorporation of the DNA 
within the nuclear DNA of any plant cell of any species 
would also be suitable. This includes species of plant 
which are not currently capable of genetic 
transformation . 



The plants of the invention include ones which therefore 
have higher levels of erucic acid incorporated at the 2- 
position of their triacylglycerols (TAGs) as well as 
plants which contain trierucin. 

Preferably DNA in accordance with the invention also 
contains a second chimeric gene (a "marker" gene) that 
enables a transformed plant or tissue culture containing 
the foreign DNA to be easily distinguished from other 
plants or tissue culture that do not contain the foreign 
DNA. Examples of such a marker gene include antibiotic 
resistance (Herrera-Estrella et al, EMBO J, 2(6) 987-95 
(1983) and Herrera-Estrella et al. Nature 303 209-13 
(1983)); herbicide resistance (EP-A-0242246 ) and 
glucuronidase (GUS) expression (EP-A-0344029) . 
Expression of the marker gene is preferably controlled by 
a second promoter which allows expression in cells in 
culture, thus allowing selection of cells or tissue 
containing the marker at any stage of regeneration of the 
plant . The preferred second promoter is derived from the 
gene which encodes the 3 5S subunit of Cauliflower Mosaic 
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Virus (CaMV) coat protein. However any other suitable 
second promoter could be used. 

In one embodiment of the invention, the transgenic 
plant's native 2-acyltransf erase gene which corresponds 
to the transgene may be rendered at least partially 
inoperative or reduced in effectiveness by, for example, 
antisense or ribozyme techniques, as is known in the art. 

A whole plant can be regenerated from a single 
transformed plant cell, and the invention therefore 
provides transgenic plants {or parts of them, such as 
propagating material) including DNA in accordance with 
the invention as described above. The regeneration can 
proceed by known methods . 

Therefore, in a fifth aspect, the present invention 
provides a plant cell incorporating a DNA sequence of the 
invention. 

In a sixth aspect, the invention provides seeds obtained 
from a plant of the invention. 

By means of the invention, plants generating oil with a 
tailored lipid content may be produced. For example, 
plants which produce trierucin and/or incorporate erucic 
acid at position 2 of triacylglycerols (TAGs) can be 
engineered. In addition, the lipid composition of 
triacylglycerides in the plant may be substantially 
altered to produce triacylglycerides with a desired 
erucic acid content higher than has hitherto been 
possible. For example, oil seed rape (B. napus) may be 
transformed to produce oil whose triacylglyceride has an 
erucic acid content which is higher than that obtained in 
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untransformed plants. Similarly for other oil producing 
crops . 

Promoters which naturally drive 2 -acyltransf erases may 
also be obtained by hybridisation and/or restriction 
enzyme analysis and/or sequencing studies using the 
Figure 3 sequence. 

In further aspects, the present invention provides: 

(a) a method of generating oil, the method 
comprising cultivating a plant of the invention and 
harvesting oil produced by the plant or a part 
(particularly seeds) thereof; 

(b) oil obtained from a plant of the invention, or 
a part thereof, or from seeds of the invention which 
has erucic acid incorporated at the 2 -position of 
its TAGs; 

(c) oil obtained from a plant of the invention, or 
a part thereof, or from seeds of the invention which 
contains trierucin; 

(d) a microbial host transformed with a DNA 
sequence of the invention; 

(e) an oil seed rape plant, or other oil producing 
crop plant, containing trierucin; 

(f) an oil seed rape plant, or other oil producing 
crop plant, having erucic acid incorporated at the 
2 -position of its TAGs; and 
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(g) a transgenic plant which expresses in at least 
some of its cells a DNA sequence of the invention. 
In particular, the DNA sequence is expressed in the 
seeds of the plant. 

Preferred features of each aspect of the invention are as 
for each other aspect mutatis mutandis. 

The invention is illustrated by the following examples. 
The examples refer to the accompanying drawings, in 
which: 

FIGURE 1: shows the cDNA sequence derived in 
Example 2 and its derived protein sequence; 

FIGURE 2: shows a comparison of the sequences of 
rape, maize and the Limnanthes '1' clone. 

FIGURE 3: shows the cDNA sequence of pCB12 9 
described in Example 3. 

FIGURE 4: shows the results of a homology search 
using the sequence of Figure 3 against the OWL 
database ; 

FIGURES 5 and 6: show BESTFIT alignment of the 
sequence of Figure 3 compared with the sequence of 
coli 2-AT (Figure 5) ; as well as bestfit 
alignment of part of the Limnanthes sequence from 
Figure 3 with E. coli 2-AT (Figure 6) . Lines 
indicate exact matches between the aligned 
sequences. Double points indicate conservative 
amino acid substitutions, and single points, pairs 
of amino acids conserved to a lesser degree; 
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FIGURE 7: shows an alignment of the sequence of 
Figure 3 with the top-matching sequence from E. coli 
2-AT; 

FIGURE 8: shows the results of Northern Blot 
analysis of RNA from Liwnanthes embryo, leaf and 
stem probed with a fragment of the Limnanthes 2 
(CB129) ; 

FIGURE 9a-c: show the results of the Southern blot 
analysis described in Example 6. 

FIGURE 10: shows the results of substrate 
specificity assays using membranes from JC201 
(containing pCB12 9) and JC200; 

FIGURE 11: shows the results of further substrate 
specificity assays using membranes from JC201 
(containing pCB129) and JC200; 

FIGURE 12: is a map of plasmid pSCVl.2 referred to 
in Example 8; 

FIGURE 13 : shows the results of the PGR procedure 
carried out in Example 9; 

FIGURE 14: shows reverse-phase HPLC analysis of 
seed triacylglycerols; and 

FIGURE 15 : shows mass spectral assignment of 
trierucin. 
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Construction of library 

Liimanthes douglasii plants were greenhouse -grown and 
seeds collected at stages III and IV, as defined for 
Limnanthes alba by Laurent and Huang, Plant Physiol., 99: 
1711-1715 (1992) (majority were stage IV) . Total RNA was 
isolated by a standard hot SDS method and mRNA purified 
by oligo dT-cellulose chromatography using methods 
detailed in the manual accompanying Pharmacia mRNA 
purification kit. A cDNA library was made from 5 '^ig 
polyA+ RNA using a cDNA synthesis kit from Pharmacia. 
The cDNA was primed with oligo dT and cloned as EcoRI 
fragments into the phage vector lambda ZAPII. A plasmid- 
based cDNA library was made from an unamplified aliquot 
of the lambda library by plasmid rescue with the helper 
phage R408 using protocols described in Delauney and 
Verma, Plant Molecular Biology, Manual A14 : 1-23 (1990) . 
During construction, 1 x 10^ colonies (=cDNA clones) were 
plated and scraped into LB medium. This was grown for 
3 hr and a plasmid preparation carried out to get a cDNA 
library representative of 1 x 10^ cDNA clones from 
developing mid to late stage Limnanthes embryos. 



EXAMPLE 2 

Isolation of Limnanthes '1' clone homologous to maize 
clone 

The Liimanthes cDNA '1' clone was obtained by 
heterologous screening of a seed cDNA library using a 600 
bp Ncol/ PS tl fragment of the rape 2AT clone described in 
WO-A-9413814. This fragment corresponds to the N- 
terminus of the rape protein. Plaque hybridisation was 
in 6XSSC, ixDenhardts, 0.5% sodium pyrophosphate and imM 
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EDTA (pre-hybridisation in the same solution minus EDTA 
and plus 50ug/ml denatured herring sperm DNA) and the 
filter was washed in IxSSC at 60 C. The cDNA sequence of 
the hybridising clone (=pCB121) is shown in Figure 1. The 
relatedness between the rape, maize and Limnanthes '1' 
clones is shown in Figure 2 . 

EXAMPLE 3 

Rescue of con^lementing cDNA clone - Limnantbes '2' 

ComplementatiGn of the 2-AT rr.utant JC201 v/as dens v?ith 
the plasmid library as described in Brown et al, Plant 
Mol. Biol., 26: 211-223 (1994). 500 ng of DNA was used 
in the first transformation of the electroporation 
competent JC201, and after the second round of 
transformation with 50 ng of plasmid, substantially more 
colonies grew at 42oC with the cDNA plasmids than with 
plasmid vector alone (pBS SK*) . 18 of these colonies 
were picked at random and cDNA clones isolated from each 
one. All 18 clones had the same size EcoRI insert of 1,1 
kb and one, designated pCB129, was used in further 
studies . 

Sequencing of pCB129 

The restriction sites of the 1.1 kb insert in pCB129 were 
mapped. Both cut and re-ligated plasmids and smaller 
insert fragments subcloned into pBS SK* were used as 
sequencing templates to obtain the sequence shown in 
Figure 3 . 

EXAMPLE 4 

Homologies to other acyl transferases 

The 281 amino acid open reading frame starting at the 
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first methionine was used as a probe sequence against the 
OWL database to search for homologous proteins. The top 
matches are shown in Figure 4 . The ORF is much more 
homologous to the 2 -AT PLSC of E. coli than the maize 
sequence of pMATl, disclosed in WO-A- 9413814 . The 
Liwnanthes protein is 27% identical to the E. coli 
protein PlsC, and if a smaller fragment of the protein is 
aligned, the identity is 38% over a 141 amino acid 
stretch (see Figure 6) . An alignment with the top 
matching protein is in Figure 7. 

EXAMPLE 5 

Northern blot analysis 

The open reading frame from pCB129 was labelled with ^^P 
and hybridised to a Northern Blot with 1 ^g polyA+ RNA 
from Li/nnanthes embryo, leaf and stem at 42 oc and the 
blot washed with 0.1 x BSC 0.1% SDS at 42oc. The gene is 
predominantly expressed in the embryo, with very low 
levels of expression in leaf and stem (see Figure 5) . 

EXAMPLE 6 

Southern blot analysis 

For the southern blots using plant DNAs, 2, 5 and lOug 
samples of Arabidopsis thaliana, Limnanthes douglasii and 
Brassica napus DNA were cut with BamHI, EcoRI and Hindlll 
for separation and transfer. Hybridisations to all blots 
were done in the same hybridisation solution as described 
in example 2 above for the plaque hybridisation. 

The Limnanthes '1' probe was a EcoRI/Hindlll fragment of 
1.3kb and the blot was washed in 2xSSC at 60 C to give 
the results shown in Figure 9a (higher stringency washes 
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using 0.2xSSC at 60 C with another blot still left 5-6 
bands per rape lane). Two blots with Limnanthes '2' 
probes were also carried out. The first used the EcoRl 
insert of pCB129 as a probe and was washed in 2xSSC at 60 
C to give the results shown in Figure 9b. The experiment 
was repeated with a probe corresponding to the ORF of 
pCB12 9, the result is shown in Figure 9c. 

It is clear that homologues in rape exist for Limnanthes 
'1* at high stringency, but not for Liimanthes '2'. 

EXAMPLE 7 

Substrate specificity assays 

JC201 containing pCB129 was grown in 200 ml culture and 
membrane fractions collected after sonication of the 
bacteria to cause lysis. The membrane pellet was 
collected at 200000 g after two clearing spins of 16000 
g. The resuspended membranes were used in single 
substrate assays together with membranes from JC2 00 
bacteria, which are wild-type for 2-AT. 

The LPA acceptor in these assays was ■'^P erucoyl LPA. 
This had been made from glycerol, [^^^P] -ATP and erucoyl 
CoA using the enzymes glycerol kinase and over-produced 
1-AT from arabidopsis (available in the lab) . The LPA 
was purified from CoAs by thin layer chromatography on 
silica, extracted into methanol and resuspended in 0.2% 
octyl glucopyranoside after drying down. 

For the assays, 100 fiM LPA was used together with either 
10.0 /iM 18:lCoA or 100 /iM 22:lCoA, Both JC200 and JC201 
{pCB129) membranes were used separately in the assays. 
The experiment was repeated twice, with duplicate samples 
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taken the first time and single samples taken at more 
time points the second. The results are shown in Figures 
10 and 11. Shorter incubation times were used in the 
second experiment to try and get linear incorporation 
with time for at least two sample points to get more 
accurate values for initial velocities. 

Addition of pCB129 to JC201 enables the membranes to 
utilise 22:1 CoAs much more effectively than wild-type E. 
coll membranes from JC200. In the second experiment, the 
ratios of 1B:1 to 22:1 CoA inesrp^ratxon after 5 Tuxnute^ 
are 1.45:1 for Limnanthes complemented membranes and 
3.38:1 for JC200 membranes (see figures 10 and 11). 



EXAMPLE 8 

Construction of a plant expression vector of pCB129 

The putative ORF of the cDNA sequence described in figure 
3 was cloned into the plant expression vector pAR4 (napin) 
promoter and chalcone synthase (CHS) terminator cassette 
in Bluescript (Stratagene) . It was necessary to use PCR to 
engineer an Ncol site at the putative start codon of the 
ORF. To avoid the need to PCR the full ORF and hence to 
reduce the possibility of introducing errors into the 
sequence, a 280 bp fragment was synthesised by PCR and 
cloned as an Xbal/BaniRl fragment into pCB130. pCB130 is 
a fully sequenced subclone of pCB129 with the 5' BamUl 
fragment deleted. The resulting clone was named pCB141. 
The approx. 880 bp Ncol/Smal fragment from pCB141 which 
encodes the putative ORF was excised and cloned into 
Ncol/Smal sites of pAR4 resulting in pCB143 . The 
Xbal/Hindlll fragment of pCB143 comprising napin promoter 
-2-AT ORF CHS terminator was ligated with Bglll linkers 
and cloned into plasmid SCV1.2 (figure 12), resulting in 
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SCV144 . A second construct was developed by engineering 
an Ncol site approx. 100 bases downstream to allow 
translation to start at the second methionine of the 
Lirmanthes 2 clone. The vector was contructed in the same 
manner as the SCV144 . 

EXAMPLE 9 

Introduction via Agrobacteriuxn into oilseed rape 

The SCV-based vector SCV144 (referred to in Example 8) 
carrying the putative GRF under the eon'tr^oi of a seed 
specific promoter were introduced into AgroJbacteriun? 
tumefaciens. The resulting Agrojbacteriuin strain was used 
to transform cotyledonary petioles of high erucic acid 
oilseed rape essentially as described in Moloney et al 
{Plant Cell Reports, 8:238-242 (1989)). SCV144 carries 
the neomycin phosphotransferase (NPTII) gene allowing 
transf ormants to develop in the presence of the 
antibiotic kanamycin. Two transformation experiments 
(1000 cotyledons) were carried out, 

Regenerant plants were grown to the four leaf stage and 
screened by polymerase chain reaction for the presence of 
the NPTII gene. The following primers were employed: 

TN5 KANl: 5' CGCAGGTTCTCCGGCGGCTTGGGTGG 3' (26 bases); 
TN5 KAN2: 5' AGCAGCCAGTCCCTTCCCGCTTCAG 3' (25 bases). 

The buffer employed was as follows: 

lOX = 100 mM TMS pH 8 . 8 
500 mM KCl 
15 mM MgClj 
1% Triton XlOO 
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The following protocol was employed: 

30 cycles of a) 20 sees at ST.S^'C 

b) 30 sees at SS^'C 

c) 90 sees at 74°C 

1 cycle of 5 mins at 72°C and a slow decrease to room 
temp. The results are shown in Figure 13. 

Fifty NPTII +ve plants were then grown to maturity and 

analysa^d by goijthem blot for the presence of the 
sequence referred to in Example 3 . 

A microsome fraction was isolated from developing seeds. 
The tissue was homogenised with a polytron and the 
membrane fraction collected as a 200000 g pellet after a 
clearing spin of 40000 g. The membranes were washed with 
0.5 M salt to remove extrinsic membrane proteins, and 
pelleted again at 200000 g before storage at -80°C. 

The assays were carried out separately with 50 /iM 18:1 
LPA and 22:1 LPA and 100 IBilCoA or 22:lCoA as acyl 
donors. The microsomes were capable of incorporating 
22:1 CoA at position 2 of 1 -acyl -glycerol -3 -phosphate . 
Control microsomes from HEAR oilseed rape were unable to 
carry out this reaction. 

Seed from 10 plants carrying the gene were analysed for 
the presence of trierucin molecules (see Taylor et al, J. 
Am. Oil. Chem. Soc, 69: 355-358 (1992) for analysis of 
trierucin content, and Christie, Lipid Analysis, 2nd 
Edn., Pergamon Press, Toronto, Canada: 158-161 (1982) for 
determination of amount of erucic acid at the 2 -position) 
and for the level of erucic acid in the seed oil. A 
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range of levels of trierucin were evident (and the 
results are shown in table 1) , whereas none is found in 
the untransformed line, and among the regenerants, some 
plants are found with levels of erucic acid over the 
level which is normally found in the HEAR untransformed 
line. 



Table 1 



1 Plant Number 


% trierucin 


1 


0.03 


2 


2.8 


3 


0.4 


4 


2.9 


5 


2.7 


6 


0.01 


7 


2.1 


8 


1.0 


9 


0.1 


10 


1.4 


control 


0.0 



EXAMPLE 10 



TAG extraction: 

Mature seeds were collected from transgenic plants. The 
seeds wre then extracted by homogenization with 
isopropanol (2ml) and then hexane (5ml) . The extracts 
were filtered, the solvent was evaporated in a stream of 
nitrogen and the TAGs were taken up in acetone- 
acetonitrile (1:1, v/v; 1ml) containing BHT (50 
mg/ml),and were stored at A^C until analysed. 
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TAGS were analysed by reverse-phase high-performance 
liquid chromatography with a Gynkotek Model 480 pump and 
a Varex Model III evaporative light-scattering detector. 
The column consisted of two ChromSpher CIS (100 x 4.6mm; 
3 micron particles) cartridge columns in series with 
guard column. The mobile phase was acetone-acetonitrile 
(1:1, v/v) and 10/xl injected onto the column. With this 
system, trerucin eluted in approximately 17-20 minutes. 

Gas chromatography: 

Methyl esters of fatty acids were prepared by sodium 
methoxide-catalysed transesterif ication (Christie, W. W., 
Gas Chromatography and Lipids, Dundee; the oily press 
(1989)). They were analysed on a Hewlett Packard Model 
5890 Series II gas chromatograph, fitted with 
split/splitless injection, and equipped with a capillary 
column (25m x 0.25mm x 0.2mm film thickness) of fused 
silica coated with CP-Wax 52CB. The carrier gas was 
hydrogen at a flow rate of 1ml /min. The initial 
temperature in the column was 170 °C for 3 min, then the 
temperature was programmed to 210^C at 4<'C/min, and held 
at this point for a further 25 min. Components were 
quantified by electronic integration. 

Mass spectrometry: 

The component co-chromatographing with trierucin was 
collected and pooled from five micropreparative HPLC runs 
under essentially the conditions described above. After 
removal of the solvent, the lipid in hexane solution was 
inserted via a syringe pump directly into the Finnigan 
SSQ 710C mass spectrometer with atmospheric pressure 
chemical ionization (APCI) at a corona voltage of 5.07 
kV. 
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Pancreatic lipase hydolysis: 

TAGS were subjected to pancreatic lipase hydrolysis by 
the method of Luddy et ai (J. Am. Oil Chem. Soc, 41:693- 
696 (1964)). IM Tris buffer (1 ml, pH 8), calcium 
chloride solution (0.1 ml; 2.2%) and bile salt solution 
(0.25ml; 0.05%) were added to the TAGs (5mg) and these 
were hydolysed with pancreatic lipase (pig pancreatin, 
Sigma) at 40''C for 2min. The reaction was stopped by the 
addition of ethanol (iml) followed by 6M hydrochloric 
acid (iml) , and the solution extracted three times with 
— ^ w-.j,^ v-x iuj. poxuxons; . ine solvent layer was 

washed once with distilled water (3ml) and dried with 
sodium sulphate, before the solvent was removed on a 
rotary evaporator. 

The required 2-monoacylglycerol products were isolated by 
micro-preparative HPLC on silica gel, ie. a column of 
Hypersil H3 (250 x 4.6mm). A Spectra-Physics Model 8700 
solvent delivery system was used together with a Cunow 
Model DDL21 light-scattering detector (Severn 
Analytical). A stream-splitter (approximately 10:1) was 
inserted between the column and the detector to permit 
collection of fractions, the mobile phase was isohexane- 
methylterbutyl ether-acetic acid (100:100:0.02 by volume) 
at a flow rate of 1 ml/min. Monoacylglycerols eluted 
after about 14 min and were collected manually via the 
streamsplitter. They were methylated for GC analysis as 
before . 

Results : 

HPLC analysis of TAG 

To initially identify plants which were expressing the 
Limnanthes LPA-AT protein, mature seed from transgenic 
plants was analysed for the presence ot trierucin. The 
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TAG fraction was extracted and examined by reverse-phase 
HPLC (figure 14) . 

Using this system trierucin was eluted at aprox. 17-20 
mins; Figure 14A shows analysis of non- transformed 
B,napus in which no trierucin was detected. However, 
transgenic plants SCV144-2 and SCV144-9 were found to 
have 2.8% and 0.4%, repectively, of a lipid species which 
eluted at the same retention time as trierucin (Fig. 14B 
and C) . A slight difference in the retention time for 
crieruciTL is appare^it betvjeen the chromat-ograrns 
illustrated in figure 14 as these were run on different 
occasions under slightly different conditions, but for 
each run the position of the trierucin peak was assigned 
by calibration with authentic trierucin. 

The separation of the lipid species achieved by reverse - 
phase HPLC depends partly on the chain length and partly 
on the degree of unsaturation of the molecule. The elution 
time increases with the total number of carbon atoms in 
the fatty acid chain but is decreased by roughly the 
equivalent of 2C for each double bond. Therefore a TAG of 
C20 : 1-C22 : 1-C22 : 1 could elute in a similar but not 
identical place as trierucin (C22 : 1-C22 : 1-C22 : 1) ; 
trierucin would not be distinguished f romC20 : 1-C22 : 1- 
C24:l, if this TAG were also present. The results 
obtained strongly imply that erucic acid was being 
incorporated at sn-2 but for absolute confirmation of the 
identity of the trierucin peak mass spectrometry analysis 
was performed. 



Mass spectral assignment of trierucin: 

The components from seeds of SCV144-2 and SCV144-9 which 
co-chromatographed with trierucin were collected and 



wo 96/24674 



PCT/GB96/00306 



25 

pooled from five mi crop reparative HPLC runs and subjected 
to mass spectral analysis. Figure 15A shows the spectrum 
of authentic trierucin and Fig. 15B that from transgenic 
seed of SCV144-9. The most abundant ion at m/z 1053.5 
(labelled as 1053 and 1054 in (A) and (B) respectively) 
is the molecular ion [M+] for trierucoylglycerol . The ion 
at 715/716 represents loss of an erucate moiety. The 
results confirm the presence of trierucin and hence 
demonstrate that erucic acid was incorporated at sn-2 of 
TAG in the transgenic rape plants. 

Fatty acid analysis of TAG: 

The transgenic plants SCV144-2 and SCV144-9 were found to 
have only low levels of trierucin (2.8% and 0.4% 
respectively) . Therefore to determine if the 
incorporation of erucic acid at the sn-2 position was 
limiting the production of trierucin, detailed positional 
analysis of fatty acids in TAG was performed. Total fatty 
acid composition was determined by gas chromatography 
(GO of methyl esters. The identity of fatty acids at 
position 2 was determined by initial treatment of TAG 
with pancreatic lipase which removes the acyl groups from 
sn-l and sn-3. The desired 2-monoacylglycerol products 
were isolated by micropreparative HPLC then methylated 
and examined by GC. 

Under the growth conditions used the starting population 
had a maximum of 31.7 mol% erucic a'cid in the seed oil. 
Analysis of selected non- transformed rape plants showed 
that no erucic acid was incorporated at the 2 position. 
However, in SCV144-9 which had 0.4% trierucin and an 
erucic acid level of 32.2 mol%, erucic acid made up 9 
mol% of the fatty acids esterified at sn-2. Similarly, in 
SCV144-2 which had 2.8% trierucin, erucic acid mahes up 
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32.1 mol% of total TAG fatty acids and 28.3 mol% of fatty 
acids esterified at sn-2. In these transgenic plants the 
amount of erucic acid at sn-2 appears to be correlated 
with the trierucin content. 
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CLAIMS 

1 . A recombinant or isolated DNA sequence selected from 

(i) a DNA sequence comprising the DNA sequence of 
Figure 3 or its complementary strand; 

(ii) nucleic acid sequences hybridising to the DNA 
sequence of Figure 3 or its complementary strand 
under stringent conditions; and 

(iii) nucleic acid sequences which would hybridise 
to the DNA sequence of Figure 3 , or its 
complementary strand, but for the degeneracy of the 
genetic code. 

2 . A DNA sequence as claimed in claim 1 which is a 
sequence having the characteristics of (i) . 

3 . A DNA sequence as claimed in claim 1 or claim 2 
which encodes an enzyme having membrane -bound 2- 
acyltransf erase activity. 

4. An isolated protein which is the expression product 
of a DNA sequence as defined in any one of claims 1 to 3 . 

5. A protein which is substantially homologous to a 
protein as claimed in claim 4 . 

6. An antibody capable of specifically binding to a 
protein as defined in claim 4 or claim 5. 

7. A plant having a 2-acyltransf erase enzyme encoded by 
a DNA sequence as defined in any one of claims 1 to 3 , 
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wherein the enzyme is not a native enzyme of the plant. 

8. A plant as claimed in claim 7, which is transgenic 
for the 2-acyltransf erase enzyme. 

9. A plant as claimed in claim 7 or claim 8, which is 
Brassica, maize, sunflower or soya. 

10. A plant as claimed in claim 9 which is B. napus, B. 
campestris, B. Juncea or B. rapa. 

11. A plant as claimed in any one of claims 7 to 10 
which has higher levels of erucic acid incorporated into 
triacylglycerols . 

12. A plant as claimed in any one of claims 7 to 11 
which has erucic acid incorporated at the 2 -position of 
its seed triacylglycerols (TAGs) . 

13 . A plant as claimed in any one of claims 7 to 12 
which contains trierucin. 

14. A plant as claimed in any one of claims 7 to 13, 
wherein the transgenic 2-acyltransf erase has a higher 
specificity for erucic acid than the native enzyme of the 
plant . 

15. A plant as claimed in any one of claims 7 to 14 , 
wherein the native 2-acyltransf erase enzyme is at least 
partially rendered inoperative or removed, for example by 
a ribozyme or by antisense nucleic acid. 

16. A plant cell incorporating DNA as defined in any one 
of claims 1 to 3 . 
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17. A plant cell as claimed in claim 16 which is a cell 
of Brassica, maize, sunflower or soya. 

18. A plant cell as claimed in claim 19 which is a cell 
of B. napus, B. campestris, S. juncea or B. rapa. 

19. Seeds obtained from a plant as defined in any one of 
claims 7 to 15. 

20. A method of generating oil, the method comprising 
eultiva'tiTig a piarri: as claimed in any one of claims 7 to 
15 and harvesting oil produced by the plant or a part 
(particularly seeds) thereof. 

21. Oil obtained from a plant as defined in any one of 
claims 7 to 15, or a part thereof, or from seeds as 
defined in claim 19. 

22. Oil as claimed in claim 21 which has erucic acid 
incorporated at the 2 -position of at least a portion of 
its TAGS. 

23. Oil as claimed in claim 21 which contains trierucin, 

24. Oil as claimed in any one of claims 21 to 23 
obtainable by a method as defined in claim 20. 

25. A microbial host transformed with a DNA sequence as 
defined in any one of claims 1 to 3 , 

26. A fragment of a DNA sequence as claimed in any one 
of claims 1 to 3 , comprising at least 15 nucleotides. 

27. DNA encoding RNA which is antisense to sense RNA 
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encoded by DNA as claimed in any one of claims 1 to 3 . 

28. DNA encoding a ribozyme specific to RNA encoded by 
DNA as claimed in any one of claims 1 to 3 . 

29. Isolated or recombinant DNA containing a promoter 
which naturally drives expression of a gene to produce a 
protein as claimed in claim 5 or claim 6. 

30. An oil seed rape plant, or other oil producing crop 
plant, containing trierxiciri. 

31. An oil seed rape plant, or other oil producing crop 
plant, having erucic acid incorporated at the 2 -position 
of its TAGS. 

32. A transgenic plant which expresses in at least some 
of its cells a DNA sequence as defined in any one of 
claims 1 to 3 . 

33. A transgenic plant as claimed in claim 32 which is 
a Brassica plant. 

34. A transgenic plant as claimed in claim 33 which is 
B. napus, B. campestris, B. juncea or B. rapa. 

35. A transgenic plant as claimed in any one of claims 

32 to 34 wherein the DNA sequence is expressed in the 
seeds of the plant . 

36. A transgenic plant as claimed in any one of claims 

33 to 35 which is a HEAR plant. 
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Wifi 

correct pCB129 cDNA -> 1 -phase Translation 

sequence 1C75 b.p. GTTCTArrCATG ... TCTTGAAAAAAA linear 

31/11 

3TT CTA rrC ATG 3CC AAA ACT AGA ACT AGC TCT CTC CGC AAC AGG AGA CAA CTA AAG CCG 
VLFMAKTRT33LRN.R3 3- K? 
61/21 91/31 

GCT GTA GCT GCT ACT GCT GAT GAT GAT AAA GAT GOG GTT TTT AIX; GTA TTG CTA TCG ""CT 
AVAATADCCKDGVFMVL - S'-- 
121/41 151/51 ^ ^ 

TTC AAA ATT TTT GTT TGC TTT GCG GTA GTG TTG ATC ACG GCG GIG GCA TOG GGA CTA ATC 

FK IFVCFAVVLITAVAWGLI 
181/61 211/71 

ATG GTC CTG CTC TTA CCT TGG CCT TAT ATG AQG ATT CGA CTA GGA AAT CTT TAC GGC CAT 

mvlllpwpvmrirlgnl'ygh 

241/81 271/91 

ATC ATT GCT GGA TTA CTG ATA TGG ATT TAC GC5A ATA CCA ATA AAG ATC CAA GGA TCC GAG 

I IGGLVIWiyCTPTi/'T^--- 
301/101 331/111 

CAT ACA AAG AAG AGG GCC ATT TAT ATA AGC AAT CAT GCT TCT CCT ATC GAT GCT TIC 
HTKKRAIYISNHASPIDAFF* 
361/121 391/131 

GTT ATG TXX; TTG GCT CCC ATA GGC ACA GTT GGT GTT GCA AAG AAA GAG CTT ATA TGG TAT 
VMWLAPIGTVGVAKKEVIWY 
421/141 451/151 

CCG CTA CTT GGA CAA CTA TAT ACA TTA GCC CAT CAT ATT CGT ATA GAT CGG TXIA AAC COG 

PLLGQLYTLAHHIRIDR SNP 
481/161 511/171 

GCT GCG GCT ATT CAG TCT ATC AAA GAG GCA GTT CGT GTA ATA ACC GAA AAG AAT CTC TCT 
AAA I QSMKSAVRV I T EKN LS 
541/181 571/191 

CTC ATT ATC TTT CCA GAG GGA ACC AGG TCG GGA GAT GGG CGT TTA CTT CCT TTC AAG AAG 

LIMFPSGTRSGDGRLLPFKK 
601/201 631/211 

GGT TTT GTT CXT CTA GCA CTT CAG TCA CAC CTC CCG ATA GTT CCG ATC ATC CTT ACA GGT 

GFVH:.ALQ3HLPIVPMILTG 
661/221 691/231 

ACA CAT TTA GCA TGG AGG AAA GGT ACC TTC CGT GTC CGG CCA GTA CCC ATC ACT GTC AAG 

THLAWRKGTFRVRPVPITVK 
721/241 751/251 

TAC CTT CCT CCT ATA AAC ACT GAT GAT TGG ACT GTT GAC AAA ATC GAC GAT TAC GTC* AAA 

YLPPINTDDWTVDKIDDYVK 
781/261 811/271 

ATC ATA CAC GAC ATC TAT GTC CGC AAC CTA CCT GCG TCT CAA AAA CCA CTT GGT AGC ACA 
MIHDIYVRNLPASQKPLGST 
841/281 871/291 

AAT CGC TCA AAG TGA GTC GCT CTT TAC TCC AAG GTT AGC ATA ATC GAT ACG TAC TTT ACT 
NRSK •VALYSKVSIMDTYFS 
901/301 931/311 

CTT GCT GCA TGA AAA GTT TAA TCC TTT CTT GTC ATA TTA GAT TAC AGC CTA AGA CTT TCA 
L A A* KV*SFLVILDYSVRLS 
961/321 991/331 

TCT TAA ACT ACT GTA ACA GTC CTT CTT GTT TCT AAC TTT TAC AAT AAA ACT ACC CTT TTC 
C *SS VTVLLVCNFYNKSTLL 
1021/341 1051/351 

AAG AAG GGA GCA AGG TTT AAA TAG AAA CGA GTT CTA GTT CTT CTC TTC AAA AAA A 

KKGAKFK'KRVLVLLLKK 

FIG. 3 
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